The chirality, i.e. left or right handedness, is an important notion in a broad range of science. In condensed matter, this occurs not only in molecular or crystal forms but also in magnetic structures. A magnetic skyrmion 3-9 , a topologically-stable spin vortex structure, as observed in chiral-lattice helimagnets is one such example; the spin swirling direction (skyrmion helicity) should be closely related to the underlying lattice chirality via the relativistic spin-orbit coupling (SOC). Here, we report on the correlation between skyrmion helicity and crystal chirality as observed by Lorentz transmission electron microscopy (TEM) and convergent-beam electron diffraction (CBED) on the compositionspread alloys of helimagnets Mn 1−x Fe x Ge over a broad range (x = 0.3 -1.0) of the composition. The skyrmion lattice constant or the skyrmion size shows nonmonotonous variation with the composition x, accompanying a divergent behavior around x = 0.8, where the correlation between magnetic helicity and crystal chirality is reversed. The underlying mechanism is a continuous x-variation of the SOC strength accompanying sign reversal in the metallic alloys. This may offer a promising way to tune the skyrmion size and helicity.
The concept of skyrmion was originally introduced as a model to describe a state of nucleon 1 , but is now extended to describe a spin configuration in quantum Hall 2 and helimagnetic 3-9 systems. This particle-like nano-scale magnetic object, as schematized in Fig. 1a , is stabilized in the background of chiral crystal structure and constituent spin directions can wrap a sphere, i.e. solid angle of 4π subtended by constituent spins, as characterized by a topological charge (skyrmion number) of −1. Skyrmions have a typical size of 3-100 nm and they tend to crystallize mostly in a hexagonal lattice form, or sometime in a tetragonal or cubic lattice form 10 ; we call such a magnetically ordered phase a skyrmion crystal (SkX). SkX was at first identified by a small-angle neutron diffraction study on B20- 16, 17 . Despite of these interesting potentials of magneto-electronic functions, the crystal engineering toward the control of SkX structure itself, such as lattice constant, lattice form, and magnetic helicity, is not well established at all as compared with the wisdom for the control of conventional ferromagnetic domains. Here, we report the composition control of the skyrmion size (SkX lattice constant) and the magnetic helicity in the mixed-crystal approach; we target the alloys of Mn 1−x Fe x Ge with an intrinsic tendency of spinodal decomposition causing composition-spread domains, in which we map out the local SkX lattice constant, the local composition x and the crystal chirality by combined means of Lorentz TEM, energy dispersive x-ray spectrometry (EDX), electron energy-loss spectroscopy (EELS), and CBED. We have revealed not only a huge variation of the SkX lattice constant but also the helicity reversal of the skyrmion relative to the crystal chirality with variation of x, all caused by a continuous change of SOC strength accompanying its sign reversal in the mixed-crystal system.
We show in Fig. 1 the definitions of crystalline and magnetic chiralities adopted in this In such a chiral-lattice helimagnet, the spin system is modeled by the effective
Here M is the spatially-varying magnetization, J the ferromagnetic exchange interaction, α the Dzyaloshinskii-Moriya (DM) interaction constant, and r the three-dimensional position vector. As the ground state, this Hamiltonian stabilizes a proper screw type helical magnetic structure in which the magnetic moment plane is perpendicular to the wave vector q. In this model, q has the magnitude proportional to α/J. Due to the asymmetric DM interaction, chirality of the spin helical structure, which we will hereafter call the magnetic helicity, depends on the sign of α. The sign of α is known to be determined by both the crystalline chirality (Γ c ) and the sign of SOC. For the both areas, a clear positive correlation is observed between x and a sk .
In nanoscale magnets, a sample thickness may affect the stability of specific spin textures via magnetic anisotropy effect. To check this, we have also investigated the thickness (t)
dependence of a sk . Mapping of the local thickness of the sample was taken by EELS in the area B. The obtained map was again superposed with the Lorentz TEM image, and then the value of t was extracted at each skyrmion site together with the local composition x from the EDX mapping. Figure 2d shows the contour map of a sk in the plane of t and x.
This shows the clear x-dependence of a sk , while its t-dependence is negligibly small in the present range of t (= 20 -120 nm) of the TEM sample. Hereafter, therefore, we focus only on the x-dependence of the skyrmions. Figure 3 shows the typical over-focus Lorentz TEM images and CBED patterns obtained for single-crystalline domains of Mn 1−x Fe x Ge (nominally x = 1.0, 0.9 and 0.7). The Lorentz TEM images shown in the left panels were taken well below the magnetic transition temperature (∼ 100 K) at zero field. They show a stripy contrast at zero magnetic field due to the helical screw structure [6] [7] [8] [9] 21 . Under the magnetic field (B = 100, 500, 200 mT, respectively) applied normal to the thin plate, these Lorentz TEM images change into spotty contrasts (the right panel) due to the formation of skyrmions [6] [7] [8] [9] . In all single-crystalline domains, a fixed contrast of the skyrmions, either bright or dark, is observed, indicating the fixed Table 1 ). In former studies 22, 24 on MnSi, the effect of the DM interaction was calculated theoretically, and the result was vs. x curve (Fig. 4a) . This is perhaps because λ or a sk is large enough as compared with 
